The construction of cell-instructive hydrogel networks represents the first step toward in vitro engineering of functional tissues.^[@ref1],[@ref2]^ For tissue engineering, it is essential that synthetic matrices mimic the natural extracellular matrix by presenting molecular cues in a spatially defined manner without adversely affecting living cells. While various modes of reactivity have been explored for the hydrogel synthesis, efficient network formation at well-defined interfaces with close to 100% overall cell viability has not yet been reported.

Bioorthogonal reactions^[@ref3]−[@ref5]^ have emerged as important tools for tissue engineering.^[@ref6]−[@ref9]^ In 2008, rapid bioorthogonal reactions of *s*-tetrazine (Tz) and *trans*-cyclooctene (TCO)^[@ref10]^ or norbornene^[@ref11]^ derivatives were described.^[@ref10],[@ref12]−[@ref14]^ With our recent TCO derivatives,^[@ref15]^ rate constants of *k*~2~ \> 10^5^ M^--1^ s^--1^ have been measured.^[@ref16],[@ref17]^ Tetrazine-norbornene chemistry has been applied to polymer synthesis and hydrogel fabrication.^[@ref18]−[@ref20]^ Separately, TCO-modified polymers have been used for radiochemistry and TCO has been used in nanoparticle bioconjugation.^[@ref21],[@ref22]^ However, TCO-tetrazine ligation has not been used for cross-linking or polymerization purposes.

Here, we demonstrate the use of bioorthogonal chemistry to create covalently cross-linked hydrogel materials through a rapid reaction at the gel--liquid interface (Figure [1](#fig1){ref-type="fig"}a). Interfacial reactions are extensively utilized in polymer science, with the interfacial polymerization of nylon serving as the archetypical example.^[@ref23]^ Anseth and Bowman have elegantly shown that enzyme-mediated interfacial radical chain polymerization can be used to create multilayered hydrogels.^[@ref24]^ Interfacial cross-linking processes have also been used for cell encapsulation purposes, most typically employing the anionic polysaccharide alginic acid.^[@ref25]^ While alginate microspheres meet many of the requirements for the immunoisolation of cells, they lack in vivo stability and mechanical strength, due to weakening of the hydrogel core by ex-change of calcium.^[@ref26]^

![(a) Instantaneous cross-linking via tetrazine-TCO ligation. (b) Gel interface forms when a droplet of tetrazine-modified hyaluronic (HA-Tz) contacts a solution of bis-*trans*-cyclooctene cross-linker (bis-TCO). Cross-linking at the gel/liquid interface is faster than the rate of diffusion through the gel interface.](mz-2014-002993_0002){#fig1}

This report describes the first interfacial process based on a bioorthogonal reaction.^[@ref24],[@ref27]^ The building block chosen for study was hyaluronic acid (HA), a natural polysaccharide previously used to create hydrogels for drug delivery and tissue engineering.^[@ref28]−[@ref30]^ Recently, furan/maleimide chemistry has been used to create HA-based hydrogels that can be subsequently photopatterned with biomolecules using two-photon laser processing.^[@ref31]^ Distinguishing features of the approach described here are the interfacial kinetics and bioorthogonality of the inverse electron demand Diels--Alder reaction with TCO. Diffusion controlled bioorthogonal cross-linking also differs from previously described methods for the self-assembly of HA at the aqueous liquid--liquid interface^[@ref27]^ and complements methods for 3D patterning of biomolecules based on photochemistry.^[@ref32]^

The building blocks for interfacial cross-linking could be constructed from precursors that were readily available on multigram scale. Shown in Figure [2](#fig2){ref-type="fig"} are tetrazine-modified HA (HA-Tz) and a cross-linker (bis-TCO). The cross-linker was prepared from a computationally designed TCO with exceptional reactivity due to conformational strain^[@ref15]^ (Figure [2](#fig2){ref-type="fig"}). In water at 25 °C, *k*~2~ 284000 (±13000) M^--1^ s^--1^ was measured for a model reaction by stopped-flow analysis.

![Synthesis of (a) bis-TCO, (b) HA-Tz, and (c) chemical structure of Alexa-TCO conjugate. The level of tetrazine incorporation (7%) was chosen in order to target the desired gel stiffness for the 3D culture of LNCaP prostate cancer cells.](mz-2014-002993_0003){#fig2}

An interfacial cross-linking protocol for the synthesis of HA hydrogel microspheres was devised (Figures [1](#fig1){ref-type="fig"}b and [3](#fig3){ref-type="fig"}a). Disappearance of the pink tetrazine chromophore upon reaction allowed visual monitoring. Microspheres were prepared by adding droplets of an HA-Tz solution (2 wt %) to bis-TCO (400 μM). A cross-linked shell forms on contact, as evidenced by a colorless layer around the pink core (Figure [3](#fig3){ref-type="fig"}a). Subsequent cross-linking is controlled by diffusion resulting in the inward advancement of a distinct gel/liquid interface. The bis-TCO cross-linker (MW 1253) diffuses across the gel layer readily, but HA-Tz (*M*~v~ 218 kDa) cannot. Thus, cross-linking takes place at the inner gel/liquid interface of the microsphere, with the volume of the pink, un-cross-linked HA-Tz core steadily decreasing as the wall thickness increases. The microsphere was fully swollen after the synthesis (equilibrium swelling ratio 49 ± 2). Oscillatory rheometry was performed on as-synthesized microspheres by sandwiching the sample between the parallel plate geometry. Time sweep experiments (Figure [3](#fig3){ref-type="fig"}b) show a stable plateau *G*′ value of 135 ± 5 Pa (with *G*″ \< 10 Pa) after the initial decrease during the first 2--3 min, due possibly to compression-induced network stiffening,^[@ref33]^ followed by network relaxation. The insensitivity of *G*′ (Figure [3](#fig3){ref-type="fig"}c) to frequency is consistent with an elastic, covalently cross-linked gel. As shown in Figure [3](#fig3){ref-type="fig"}d, the wall thickness increases linearly as a function of diffusion time over 2 h (Figure [3](#fig3){ref-type="fig"}d).

![(a) Microsphere forms a hydrogel "skin" on contact of HA-Tz droplet with a bis-TCO cross-linker bath. Cross-linking is diffusion controlled. (b, c) Rheological properties of interfacially cross-linked HA microspheres: *G*′, elastic modulus; *G*″, loss modulus. (d) The cross-linked wall thickness of the microsphere as a function of diffusion time.](mz-2014-002993_0004){#fig3}

![(a) Interfacial covalent tagging; (b--g) Confocal microscopy images and (h) image intensity plot. (b) Interfacial cross-linking initially in the presence (30 min) then absence (90 min) of Alexa-TCO gave shell-labeled microspheres. (c) Cross-linking in the absence (60 min) and then presence (60 min) of Alexa-TCO gave core-labeled microspheres. (d--f) Onion-like structures by alternating the presence and absence of Alexa-TCO during the cross-linking procedure: three-, five-, and seven-layered gels are displayed. (g) Radial gradients were produced by increasing the concentration of Alexa-TCO (0.47 μM) during the 120 min of cross-linking and confirmed by (h) measuring the color intensity across the diameter of the central slice of the microsphere.](mz-2014-002993_0005){#fig4}

Diffusion-controlled cross-linking also presented a way to functionalize microspheres with spatial resolution. We reasoned that diffusible TCO conjugates could be covalently introduced at the interface, and that the thickness of the resulting "tagged" gel layer would be a function of cross-linking time. Subsequent exchange with a label-free solution of bis-TCO would result in gels with distinct tagged and blank layers (Figure [4](#fig4){ref-type="fig"}a). Thus, a droplet of HA-Tz (2 wt %) was added to bis-TCO (400 μM) containing Alexa-TCO (1 μM), a fluorescent conjugate (structure in Figure [2](#fig2){ref-type="fig"}c). After 30 min, the bath was replaced by dye-free bis-TCO (400 μM), and cross-linking continued for 2 h. Confocal microscopy showed microspheres with an ∼400 μm thick fluorescent shell (Figure [4](#fig4){ref-type="fig"}b). Separately, a droplet was initially exposed to dye-free bis-TCO (60 min) prior to adding Alexa-TCO (1 μM), giving core-labeled microspheres (1.45 mm diameter) with a shell (900 μm) that was only faintly stained (Figure [4](#fig4){ref-type="fig"}c). Multilayer structures were created by simply alternating the presence/absence of Alexa-TCO during cross-linking. Figure [4](#fig4){ref-type="fig"}d--f shows HA microspheres containing 3, 5, and 7 distinct layers.^[@ref34]^

Microspheres with radial gradients of fluorescent tags were readily created by syringe pump introduction of Alexa-TCO during cross-linking. The concentration of Alexa-TCO was nil when the shell of the microsphere was cross-linked, and the concentration of the fluorescent tag was gradually increased as interfacial cross-linking proceeded toward the center of microsphere, with an Alexa-TCO concentration of 0.47 μM when the core of the microsphere was cross-linked. As shown by the confocal image of the central slice of the *z*-stack in Figure [4](#fig4){ref-type="fig"}g with the accompanying color intensity plot in Figure [4](#fig4){ref-type="fig"}h, this protocol produced microspheres with distinct radial gradients where fluorescence intensity is highest at the core. This gradient technique holds promise for creating cell culture matrices that can recapitulate the ligand density and clustering effects important in cell adhesion and signaling.

Of note, these gradient and layered structures can be prepared without external triggers^[@ref35],[@ref36]^ or pre-existing templates,^[@ref37],[@ref38]^ and two independent chemistries for cross-linking and patterning purposes are not required.^[@ref8],[@ref39]^ With these tools, we envision use of bioorthogonal cross-linking for 3D covalent patterning of cell-instructive molecules that modulate cell adhesion, signaling and differentiation.

Interfacial bioorthogonal cross-linking also enables the preparation of water-filled hydrogel channels (Figure [5](#fig5){ref-type="fig"}). When a bis-TCO solution (2 mM) was introduced to HA-Tz (2 wt %) via syringe, a cross-linked wall instantly followed the path of the needle ([Movie S1](#notes-1){ref-type="notes"}). During interfacial cross-linking, HA-Tz was simultaneously tagged by Alexa-TCO, which was added for visualization (Figure [5](#fig5){ref-type="fig"}b--d). After 1 min, the channel wall thickness was 155 ± 13 μm and free Alexa-TCO remained in the interior (Figure [5](#fig5){ref-type="fig"}b). After 15 min, the wall was 254 ± 18 μm thick and the fluorescence inside the channel decreased (Figure [5](#fig5){ref-type="fig"}e). We reason that bis-TCO and Alexa-TCO exhibit a similar rate of diffusion across the cross-linked shell, whereas HA-Tz in the reservoir is excluded from penetrating into the channel due to its large size. Thus, the cross-linking front extends outward and generates water-filled channels. The wall thickness at 30 and 60 min was 262 ± 18 μm with no significant increase thereafter. These observations on wall thickness are consistent with a limiting amount of the bis-TCO cross-linker within the lumen of the channel, as the wall ceased to thicken when the cross-linker was depleted. The projected confocal images (Figure [5](#fig5){ref-type="fig"} and [Movies S2--S3](#notes-1){ref-type="notes"}) convincingly show the creation of a hollow channel by this simple injection process without the need to use pre-existing templates.^[@ref40]^

![(a) Bis-TCO is drawn through a solution of HA-Tz, creating a water-filled channel. Bis-TCO diffuses outward, increasing the wall thickness via cross-linking at the outer interface. (b--d) Hydrogel channel pulled by injecting bis-TCO (2 mM)/Alexa-TCO (2 μM) into a solution of HA-Tz (2 wt %). *z*-Stack confocal images show the following: (a) 1 min, walls (153 ± 13 μM) with unreacted dye in the interior; (c, d) 60 min, dye almost completely migrated out of the lumen. (e) Plot of channel wall thickness as a function of diffusion time.](mz-2014-002993_0006){#fig5}

We next investigated if interfacial cross-linking could be applied to engineer a physiologically relevant in vitro tumor model. Such in vitro models are critically needed for drug testing and discovery, as many cancer cell lines (e.g., prostate cancer^[@ref41]^) cultured in 2D exhibit nonphysiological morphology and drug response.^[@ref42]^ As shown in Figure [6](#fig6){ref-type="fig"}, prostate cancer LNCaP cells suspended in HA-Tz could indeed be encapsulated in microspheres. The level of tetrazine incorporation (7%) was selected to give soft, elastic gels appropriate for the 3D culture of LNCaP prostate cancer cells.^[@ref43],[@ref44]^ Live/dead staining ([Figure S7](#notes-1){ref-type="notes"}) revealed 99 and 98% cell viability at days 1 and 5, respectively, confirming the cytocompatibility of tetrazine ligation. LNCaP cells initially entrapped homogeneously in a single cell state proliferated readily (Figure [6](#fig6){ref-type="fig"}) and neighboring cell clusters merged within the microsphere. Cells in individual aggregates displayed rounded, clustered morphology with apparent cortical organization of actin.^[@ref43]^ Individual microspheres were completely populated by over 200 dispersed tumor aggregates each greater than 50 μm.

![Bioorthogonal cross-linking is cytocompatible to LNCaP cells. Confocal images after live/dead staining showing (a) individually dispersed LNCaP cells at day 2 and (b) dispersed tumoroids at day 14. The inset shows an ∼100 μm aggregate strained for F-actin (green) and nuclei (blue) at day 14. (c) Cell proliferation assay (Trypan Blue exclusion), \**p* \< 0.05.](mz-2014-002993_0007){#fig6}

In summary, interfacial bioorthogonal cross-linking has been developed and applied to the construction of hydrogel microspheres and channels. These materials can be covalently tagged with 3D resolution and utilized as matrices for cell culture. We project continued utility of this process to the fabrication and molecular patterning of cell-instructive matrices for in vitro tissue culture.

Experimental procedures, NMR spectra, movies of hydrogel channels, stopped-flow data, cell viability data, viscosity data, and microsphere color intensity maps. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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